Carbon black was prepared by pyrolysis of propane under different plasma conditions. The effects of the flow ratio of the carbon precursor, discharge current, and plasma gases (including argon, nitrogen, and hydrogen) on the morphology and structure of carbon black were investigated by a series of physical characterizations. The equilibrium components were computed based on the minimization of the Gibbs free energy. The theoretical analysis and experimental results confirmed that HCN is the inevitable byproduct in the tail gas from the nitrogen plasma process, indicating that nitrogen is inappropriate as the carrier gas for the preparation of carbon black. The effects of discharging current, discharging spacing, and proportions of propane were also symmetrically studied by the evaluation of HCN concentration. Moreover, the graphene was generated when using argon as the plasma gas mixed with a small amount of hydrogen.
Introduction
Carbon black is one of the most commonly used carbon nanomaterials and has nowadays been widely applied as electrically conductive materials and reinforcing fillers in the areas of rubbers, plastics, elastomers, and batteries due to its peculiar and tunable chemical, physical, and electrical properties [1] [2] [3] [4] [5] [6] .
The different kinds of carbon black are generally manufactured by calcination in furnace, channel and lamp processes, thermal pyrolysis, or acetylene method [7] . These processes are usually categorized into incomplete combustion and thermal decomposition of hydrocarbon, depending on the participation of oxygen [8] . Although more than 95% of carbon black products are fabricated by furnace and channel processes, the increasing environmental issues and pollution emission caused by these mainstream approaches cause serious human health problems. Thus, alternative and sustainable technologies are highly desirable for the preparation of carbon black [9] . plasma, the temperatures of electron and ambient gas are considered to be close to each other. Therefore, thermal plasma exhibits higher chemical reactivity than the nonthermal one.
Thermal plasma technology was initially investigated in the early times of the twentieth century and has been extensively studied thereafter. Plasma preparation of carbon black was first demonstrated by Rose [23] in 1920. In his work, electrodes were installed on the ends of a cylindrical reactor and carbon black was prepared through pyrolysis of hydrocarbon. Later on, Ryan [24] put different hydrocarbons into the same plasma reactor and found that the prepared carbon black showed semblable properties. This finding also confirmed the feasible preparation of carbon black by plasma. Thus, research on the plasma preparation of carbon black has focused on optimizing technological process and reaction conditions.
The thermal plasma technology has attracted much interest recently mainly because of its potential in the largescale production of carbon black through the pyrolysis of hydrocarbon. This technology obviates harsh conditions such as acid, base, or catalysts, thereby being considered to be easily controllable and environmentally friendly.
The pyrolysis of hydrocarbon by thermal plasma is a complex and dynamic process. In a closed system, the conversion reaction among components will reach equilibrium after a certain period of time. The principle of computing the equilibrium composition is mainly thermodynamics. The thermodynamics deals only with the problem of equilibrium, not the equilibrium reaction rate. Although there are few phenomena indicating that the process is completely under equilibrium, it is still important to study the equilibrium process. First, the equilibrium determines the limitation that the given reaction can be achieved. Second, the equilibrium predicts the changing trend of product composition as the reaction conditions (temperature, pressure, etc.) change and provides the processing conditions for the desirable products [25] [26] [27] [28] .
Argon and helium are the most commonly used carrier gas to generate ambient plasma [29] [30] [31] [32] because these monatomic gases are inert and easily maintain ambient plasma. However, argon and helium are expensive and unsuitable for large-scale manufacturing of carbon black. The preparation of carbon black using nitrogen plasma shows great advantages in terms of cost control, because nitrogen is relatively cheap and easy to ignite at atmospheric pressure.
In this study, carbon black is prepared by the thermal pyrolysis of propane using argon, hydrogen, and nitrogen as carrier gases. The essential properties of carbon black prepared through different processes were analyzed in both theoretical and experimental ways. Besides, the equilibrium compositions were obtained by the minimization of Gibbs free energy. It was found that HCN has been identified as the byproduct while using nitrogen as the carrier gas. The optimal conditions for reducing the concentration of HCN in the tail gas were also explored.
Materials and Methods

Materials and Devices.
The reactor system in this study was designed based on the preliminary research of Zhao et al. [33] . As shown in Figure 1 , this system consists of a power source, a plasma generator, a heat exchanger, and an HCN absorber. In the experimental conditions, propane and carrier gas were mixed in the buffer tank and flowed into the plasma reactor. The propane was decomposed into carbon black and hydrogen in the plasma environment. The gas-solid mixtures passed through the heat exchanger, and the obtained carbon black was filtered by the sintered disc. In order to determine the HCN concentration, the tail gas was collected and tested. Propane (C 3 H 8 ), nitrogen (N 2 ), argon (Ar), and hydrogen (H 2 ) were all industrial grade and purchased from Suzhou Jinhong Gas Co. Ltd. The sodium hydroxide (NaOH) and acetone (CH 3 COCH 3 ) were obtained from Sinopharm Chemical Reagent Co. Ltd. Rhodanine (C 12 H 12 N 2 OS 2 ) and silver nitrate (AgNO 3 ) were provided by Shanghai Jinchun Biological Tech. Co. Ltd.
Preparation of Carbon Black.
The thermal plasma was produced by an electric arc between tungsten electrodes connected to an AC power supply. The reactor was first purged with the carrier gas. Then, propane was poured in and the AC power was turned on. Discharging was maintained for 10 minutes to allow us to examine the experimental results. A rubber tube was connected to the end of the condenser, and the gas flowed out of the plasma zone was blown into the sodium hydroxide solution and the HCN was absorbed to obtain a sample solution. The sample solution was added with rhodanine and titrated by silver nitrate solution. When the color of the solution changed from yellow to orange, the titration reached the end point. The concentration of CN -was calculated according to the dosage of the silver nitrate solution using the following formula:
c CN
− mg/mL = 1 04 mg/mL × silver nitrate solution dosage mL 10 mL
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The concentration changes of CN -in the plasma system were determined and compared by changing the current and distance between electrodes and the propane flow ratio. To examine the effect of the propane flow ratio on the morphology of the carbon black, the reaction was performed using tungsten electrode with a total gas flow of 1.5 m 3 /h (N 2 as the carrier gas) and the propane flow ratio regulated at 10%, 20%, 30%, and 40%. Figure 2 shows the SEM images of carbon black 2 Journal of Nanomaterials prepared at different propane flow ratios. With the same total flow ratio, the average particle size of carbon black increases along with the increasing propane flow ratio. At a low propane flow ratio of 10%, the obtained carbon black exhibits good dispersibility with an average diameter of 30-40 nm as shown in Figure 2 (a). When the propane flow ratio increased 3 Journal of Nanomaterials to 20%, it was obvious that the particle size of carbon black increased to 60-70 nm (Figure 2(b) ) with relatively good dispersion. While further increasing the propane flow ratio to 30%, the carbon black shows agglomeration (Figure 2(c) ). The higher propane flow ratio in the mixed gases leads to a higher nucleation rate and the formation of smaller subparticles within a short time. Subsequently, these small subparticles aggregated to form a large nanostructure. Figure 2(d) shows that a lot of carbon black generated by plasma was aggregated to form large spherical carbon black when the propane flow ratio is 40%. That is, the larger the propane flow ratio in the mixed gases, the higher the amount of carbon black prepared by the plasma [34] . These particles go through a microcosmic random walk and become interconnected in different directions. It is assumed that carbon black possibly agglomerated to a spherical structure according to the results shown in Figure 2 (d). Therefore, a 20% propane flow ratio is the optimal condition for the preparation of carbon black. Figure 3 shows the X-ray diffraction (XRD) patterns of carbon black prepared under different propane flow ratios. It is observed that all the samples have remarkable (002) and (100) peaks with corresponding 2θ of 24°and 44°, respectively. The (002) peak represents the graphitized structure, and a higher and narrower peak indicates the higher graphitization of carbon black [35] . The (100) peak indicates that the CB possessed a disordered structure. The XRD curves of four samples indicate that d 002 increases and L 002 decreases with increasing propane flow ratios, and the (100) peak has no significant change when the flow ratio of propane is greater than 10%. This finding indicates a decrease in the graphitization of carbon black. Therefore, reducing the propane concentration can increase the graphitization of carbon black.
Results and Discussion
Effect of the AC Current.
The reaction was performed using a tungsten electrode with an AC current of 2-8 A to determine the effect of the AC current on the morphology of the carbon black. The TEM images of carbon black prepared at different currents are shown in Figure 4 . The average size of carbon black increases along with the increasing current. As shown in Figure 4 (a), the clear outline of carbon black particles was seen for an AC current of 2 A. When the current increased to 4 A, it was found that the particles of carbon black started to agglomerate, but the basic appearance of carbon black particles can still be observed in Figure 4 (b). As the current continues to increase, the severe agglomeration of carbon black particles can be observed obviously in Figures 4(c) and 4(d). It is suggested that the plasma temperature and growth rate of carbon black particles are influenced by the increase of the input current. According to the previous studies, the plasma gas temperature increases along with increasing energy input [36] . Thus, the corresponding plasma gas temperature increases when the AC current is increased from 2 to 8 A. Usually, a higher power enhances the endothermic decomposition of propane, leading to higher temperature and greater nonequilibrium driving force for the growth of carbon black. This result might be explained by the fact that the particle growth rate is more rapid than the nucleation rate at high reaction temperatures, which resulted in the production of particles with a larger size.
The Raman spectra of carbon black at different AC currents are shown in Figure 5 . The carbon black exhibits intense D and G peaks at around 1330 cm -1 and 1580 cm -1 , respectively. These peaks originate from the growth of carbon crystallites in size and number, leading to the formation of a partially ordered structure. This finding indicates the disordered random orientation of the tubes and the graphitic nature of the carbon materials [37] , respectively. Cho et al. [38] reported that the partial ordering of amorphous carbon at high temperatures resulted in the appearance of intense D and G peaks in the Raman spectrum. The ratio of D and G peaks (I D /I G ) determines the amount of disorder in the crystallinity [39] . The larger the ratio of I D /I G , the lower the graphitization of carbon black that could be observed. The growth from amorphous carbon to nanocrystalline carbon generates a temperature increase from 1700 to 2000 K [40] . As shown in Figure 5 , with the AC current increasing, the value of I D /I G decreases and the graphitized degree of the carbon black increases. Therefore, increasing the AC current is conducive for the formation of an ordered high-graphitized carbon black structure [41] .
3.1.3. Effect of the Different Types of Carrier Gases. To find out suitability of carrier gases, different carrier gases have been tested, and the morphology of carbon black must be investigated to determine which carrier gas is the most suitable. Figure 6 shows the SEM images of carbon black prepared by a plasma process using different carrier gases. The figure depicted that carbon black prepared using argon plasma exhibits the biggest particle size of 120 nm (Figure 6(a) ). Compared with argon, nitrogen as a kind of diatomic gas needs more energy to break its N≡N bond. Thus, during Journal of Nanomaterials the discharging process, nitrogen uptakes more energy to form a plasma environment, which competes with the growth rate of carbon black. The particle size from the nitrogen plasma is generally in the range of 80 to 100 nm ( Figure 6(b) ). Figure 6 (c) reveals that carbon black from hydrogen plasma is around 50 nm, which is the smallest size among the three kinds of carrier gases. This is due to the hydrogen needing more energy than the nitrogen and argon to form plasma. The hydrogen radicals with ultrahigh activity generated during the discharging process bind to the carbon atoms at the outer surface of carbon black and were released in the form of hydrocarbon [42] during the growth process.
For further observations of the morphological and branching structure of carbon black products, the TEM measurements were conducted ( Figure 7 ). As depicted from the TEM images, the carbon black prepared from argon plasma shows the homogeneous distribution of the primary particle size but aggregates more severely than those prepared from nitrogen and hydrogen plasma. The nonuniformity in the size of carbon black from nitrogen plasma is evident from the observation shown in Figure 7 5 Journal of Nanomaterials to break a N≡N bond, which brings a relatively intense temperature gradient in the plasma environment. In the high-temperature area, the carbon black particles grow in a sufficiently fast rate, while the growth rate is limited in the low-temperature area.
Structures of Carbon Black.
The critical structures of carbon black were characterized by XRD and Raman spectroscopic analysis to determine the effect of plasma gas on the structure of carbon black. As shown in Figure 8 , the peak corresponding to the (002) lattice plane around 26°a ppears in all of the three patterns. For the carbon black prepared by hydrogen plasma, the (002) lattice plane is located at 25.9°with a d-spacing of 0.352 nm. The plane exhibits left skewing compared with the ideal graphite, which shows a sharp and intense peak at 26.5°with a d-spacing of 0.334 nm. This left skewing and the enlargement of interlamellar spacing indicate the existence of amorphous carbon and distortion of lattice fringes [28] . The (002) peak of carbon black obtained from nitrogen plasma is located at 26.1°w ith a d-spacing of 0.349 nm. The carbon black obtained from argon plasma shows a wide (002) peak with a low intensity at 25.5°and d-spacing of 0.356 nm. Based on this information, the crystalline structure of carbon black from nitrogen plasma is the best among the three samples. The Raman spectroscopic analysis was carried out to verify this result. Journal of Nanomaterials
The Raman spectroscopy can effectively characterize the structure of carbon nanomaterials. Generally, the two pattern peaks of carbon black in the Raman spectra are as follows: the D band around 1330 cm -1 is assigned to the disorder and defects in carbon black and the G band around 1580 cm -1 is due to the well-ordered lattice plane [43, 44] . The intensity ratio between the D band and the G band (I D /I G ) is a significant index used to estimate the quality of carbon black. As shown in Figure 9 , the I D /I G ratio of carbon black prepared from argon plasma exhibits the highest value of 1.33. This finding is probably because in the argon plasma, a large amount of amorphous carbon was deposited onto the surface of carbon black, leading to larger defects and bigger particle size. The I D /I G ratio of carbon black from hydrogen plasma is lower; it is because of active hydrogen radicals etching the amorphous carbon during the growth process. The I D /I G ratio of carbon black prepared from nitrogen plasma is 0.99, which is the lowest among the three kinds of carbon black and indicates the best quality. This result is consistent with the XRD results.
Thermal Stability of Carbon Black.
The thermogravimetric analysis (TGA) was conducted to investigate the thermal stability of carbon black prepared by different processes. This analysis can estimate the surface cleanliness of carbon black to indirectly assess the quality and secondary structure. As shown in Figure 10 , the carbon black prepared by argon plasma degraded faster than other samples due to the volatilization of amorphous carbon with 73.5% residual at 1000°C. The carbon black prepared by nitrogen plasma is more stable than that prepared by argon plasma due to less amorphous carbon with 84.2% residual at 1000°C. However, the carbon black from nitrogen plasma shows a higher amount of surface functional groups than that from hydrogen plasma which is theoretically recognized to have a totally clean surface with little amorphous carbon black. Hence, the carbon black from hydrogen plasma is more stable and maintains 88.9% residual at 1000°C. As shown in the TGA curves, all three kinds of samples exhibit obvious weight loss before 200°C. The highest weight loss was found in carbon black from argon plasma. This phenomenon could be explained by TEM observation of its structure. It is well known that carbon black exhibits hygroscopicity, developed secondary structure, and high water absorbing capacity. In Figure 7 (a), the carbon black prepared from argon plasma possesses a more organized secondary structure owing to more chains. Therefore, a higher amount of water vapor was adsorbed by the carbon black from argon plasma when stored in air, leading to a dramatic weight loss during the thermogravimetric process. As shown in Figure 7 (c), carbon black prepared by hydrogen plasma is less branched with lower water absorbing capacity and thus exhibits the highest thermal stability before 200°C.
The Formation of Cyanide.
The equilibrium components of 1 mol propane after pyrolysis under different kinds of plasma are shown in Figures 11, 12 , and 13. The simulation was carried out using FactSage software [45] . Generally, the components show similar varying trends under all circumstances. It is noticeable that propane is first decomposed into methane and ethane and then further polymerized to form polycyclic aromatic hydrocarbon, which becomes the primary nuclei of carbon black [28] . The propane could be totally pyrolyzed before 800°C in the argon ( Figure 14) and nitrogen ( Figure 15 ) plasma and at 1200°C in the hydrogen (Figure 11 ) plasma. This phenomenon could be attributed to the fact that high hydrogen concentration would hinder the decomposition of propane into methyl and hydrogen radicals. Although previous works reported that HCN cannot be generated using nitrogen as plasma gas [46] , the Journal of Nanomaterials thermodynamic equilibrium simulation showed that HCN is one of the major components in the equilibrium system while using nitrogen as the carrier gas. The concentration of HCN increases significantly along with the increasing of temperature.
To verify the simulation results, experiments were carried out by changing the electric current (1, 2, 3, and 4 A) and propane flow percentage (10%, 20%, 30%, and 40%; total flow 120 L/h) to demonstrate whether cyanide was generated. The HCN concentration was then measured in the tail gases. Figure 12 shows the concentration of HCN under the experimental conditions. In contrast to previous reports, HCN was formed using nitrogen as plasma gas. In general, the concentration of HCN increases with the increasing of current or propane flow percentage. Based on the data when propane flow percentages are at 10% and 20%, the concentration of HCN increases linearly as the current increases from 0.62 and 1.15 mg/L to 2.31 and 3.01 mg/L, respectively. The reason is probably that the ionization degree of carrier gas increases as the current increases, and the amount of active Figure 11 : Simulated components of 1 mol propane after pyrolysis in hydrogen under thermodynamic equilibrium. Figure 12: C(CN -) detected in absorption liquid under different discharge currents and gas flow rates using nitrogen. Journal of Nanomaterials plasma species increases. Hence, the reaction system could obtain more heat, and the temperature of the system increased for the ease of propane pyrolysis. Therefore, many carbon and hydrogen radicals react with nitrogen radicals to generate HCN in the system. And the increase of temperature was conducive to the combination of the three species. 9 Journal of Nanomaterials When the propane flow percentage increases to 30% and the current in the range of 1 A to 3 A, the concentration of HCN also increases linearly (from 1.85 mg/L to 3.58 mg/L). However, when the current is further increased to 4 A, the concentration of HCN becomes 3.61 mg/L, which is almost the same as the results when the current is 3 A. When the propane flow percentage is 30% and the current increases to some certain extent, the amount of carbon and hydrogen free radicals in the system is more than that of nitrogen. Further increasing of the current could not enhance the reaction extent to produce more HCN. When the propane flow percentage increases to 40%, the situation becomes more obvious. When the current is 2 A, the reaction is nearly saturated, and the concentration of HCN reaches a plateau; when the currents are 3 A and 4 A and the propane flow percentage is 30%, the concentration of HCN is low. The reason might be that when the propane flow percentage increases to 40%, the amounts of carbon and hydrogen free radicals are high and the amount of nitrogen is low. Therefore, nitrogen combined less with carbon and hydrogen resulting in a decrease in concentration.
The experiments were also carried out to investigate the influence of the distance between electrodes (1, 2, 3, 4, and 5 mm) on the formation of HCN. Figure 13 illustrates the concentration of HCN absorbed in the sodium hydroxide from the tail gas at different distances between electrodes. The HCN concentration in the solution varies with distances between electrodes. When the distance is 1 mm, the HCN concentration is as low as 1.19 mg/L. The concentration increases with the increasing distance between electrodes. When the distance is increased to 3 mm, the concentration reaches a peak value of 4.06 mg/L and started to decrease when the distance further increases. The HCN concentration decreases to 2.17 mg/L at a distance of 5 mm. This is due to, at a 1 mm distance, the plasma volume being small and the electrodes too close to achieve the competition of reaction when mixed gases passed by, which leads to the low concentration of the byproduct HCN. The plasma volume increases with the increasing electrode distance, and the gas has sufficient time to react, resulting in increasing HCN concentration. However, after elongating the distance to more than 3 mm, the current decreases and the plasma temperature is low. The energy of plasma is not enough to promote the pyrolysis of propane, and therefore, the concentration of HCN decreases again.
According to these experimental results, the amount of cyanide after the pyrolysis of 1 mol propane in nitrogen was calculated. For the sample prepared at an electrode distance of 3 mm, a discharge current of 4 A, and a propane percentage of 30%, the amount of cyanide is 1 15 × 10 −4 mol/mol, which is lower than that from the thermodynamic equilibrium computation obtained between 1500°C and 2500°C, the usual temperature range of AC arc discharge. This finding is due to the difficulty in reaching the thermodynamic equilibrium under experimental conditions and the insufficient reaction time for the formation of cyanide. Thus, carbon black was prepared at the electrode distance of 3 mm, discharge current of 4 A, and propane percentage of 30% under nitrogen plasma. The FT-IR and XPS measurements were further performed for more spectroscopic studies.
In the FT-IR spectrum, as shown in Figure 16 , the peak at 3675 cm -1 is ascribed to -OH from water, which was adsorbed by carbon black in the air. The peak at 1384 cm -1 is due to the existence of the C-H bending model. The peak at 1630 cm -1 originates from the stretching vibration of C=C, which is the essential unit of polycyclic aromatic hydrocarbon. In addition to the typical peaks in normal carbon black, two additional pattern peaks are also found in the spectrum. The peaks at 1110 cm -1 and 2360 cm -1 are assigned to the stretching vibration of C-N and C≡N, respectively. The FT-IR results provide a solid evidence for the existence of cyanide. Figure 17 shows the XPS spectra of carbon black prepared from nitrogen plasma. The spectra reveal the existence of carbon, oxygen, and nitrogen bonds. The peaks around 284.6, 400.0, and 533.2 eV represent C, N, and O, respectively [47] [48] [49] . The existence of O 1s suggests that the air in the reactor cannot be removed completely. The high resolution spectrum of N 1s was further analyzed to acquire additional information about the chemical bonds on carbon black. Figure 17(b) shows the deconvoluted N 1s spectrum, which is fitted by two best fitted peaks with Gauss function. The peak at 399.6 eV is attributed to the cyano group -C≡N, and the peak at 402.4 eV is assignable to the pyridine group C-N [50] . Although O has been detected, the N-O bond is not found.
3.5. The Existence of Graphene in the Product. During the preparation of carbon black by pyrolysis of propane, it is remarkable to find the existence of graphene in the product, when using argon as plasma gas mixed with a small amount of hydrogen. As shown in Figure 18 (a), only carbon black was observed in the range of vision with the absence of hydrogen. When a small amount of hydrogen (hydrogen/ propane ratio is 1 : 40) was added, some graphene appeared in the field of view, but the graphene boundary was blurred as shown in Figure 18 (b). As the hydrogen flow ratio increases (hydrogen/propane ratio is 1 : 20), the amount of graphene in the field of view increases as shown in Figure 18 (c), and the morphology of the graphene has distinct edge.
Conclusions
Carbon black was prepared by pyrolysis of propane using different plasma gases. The effects of plasma gases on the morphology and the structure of carbon black were investigated. We found that carbon black prepared by argon plasma exhibits the biggest particle size but the worst quality due to the deposition of abundant amorphous carbon. The carbon black prepared by hydrogen plasma shows the smallest particle size but the highest thermal stability because the surface is the cleanest. The carbon black prepared by nitrogen plasma exhibits the best quality. Unfortunately, HCN was found when using nitrogen as plasma gas by both the thermodynamics computations and the experimental investigations. The concentration of HCN increased with increasing current and amounts of propane but ceased to increase under certain 11 Journal of Nanomaterials current and propane content. At the same time, the distance between the electrodes also influenced the concentration of HCN. The presence of cyanide was confirmed by FT-IR and XPS analyses. The graphene could be found in the product when using argon as plasma gas with a small amount of hydrogen, and the content of graphene can be controlled by regulating the amount of hydrogen.
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